Aims/hypothesis In the era of genome-wide association studies, familial risks are used to estimate disease heritability and success in gene identification. We wanted to estimate associations between type 1 diabetes mellitus and 33 autoimmune and related diseases in parents, offspring, singleton siblings and twins. Methods The availability of a Multigeneration Register in Sweden provides reliable access to families throughout the last century. The diseases in individual family members were obtained through linkage to the Hospital Discharge Register. Standardised incidence ratios (SIRs) were calculated as relative risks of contracting type 1 diabetes in family members of affected patients compared with those lacking affected family members.
Introduction
Type 1 diabetes mellitus is an early-onset autoimmune disease in which immune response is directed against the insulin-producing beta cells of the pancreas, resulting in insulin dependence. The disease is thought to be triggered in susceptible individuals by environmental, demographic and ethnic factors, including parental country of origin, and by physiological factors and medical conditions such as enteroviral infections, old parental age at birth, preeclampsia, cesarean section delivery, increased birthweight, early exposure to cows' milk and high rate of postnatal growth [1] [2] [3] . Family history is an important risk factor shown in twins and singleton siblings [4] [5] [6] . The sibling relative risk is cited to be 15 but it depends critically on the age of onset and probably on the background incidence of the disease [7] [8] [9] [10] . The HLA region with several protective and predisposing alleles is the main genetic determinant of type 1 diabetes risk, with a total of 15 genes or loci associated to date with type 1 diabetes risk [11] [12] [13] [14] . According to a recent calculation, the HLA region accounts for 41% of familial clustering of type 1 diabetes, adding up to 48% in combination with all the recently detected loci [15] . This percentage is uniquely high among complex diseases [11] .
Genetic and epidemiological data indicate that certain autoimmune diseases aggregate in type 1 diabetes families [10, 11, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . Reported associated autoimmune and related diseases include coeliac disease, multiple sclerosis, rheumatoid arthritis and autoimmune polyendocrine syndrome [14, 21, [26] [27] [28] .
The availability of a Multigeneration Register in Sweden provides reliable access to health data of families throughout the last century. This Register has been extensively used to study hospitalised diseases, including familial autoimmune diseases, through linkage to the Hospital Discharge Register [21, 22, [29] [30] [31] [32] . In the present article we studied familial risks for type 1 diabetes among parents and offspring, and singleton siblings and twins. Both concordant (type 1 diabetes in families) and discordant associations (type 1 diabetes and other diseases in families) were studied, together with any of 33 other autoimmune and related diseases. These 33 diseases were autoimmune, inflammatory and related conditions that were selected because of aetiological hypothesis or previous association studies. Because many autoimmune diseases show marked sex preferences in prevalence, sex-specific familial risks were also analysed [26] . With a total patient population of 450,899, of whom 21,168 were diagnosed with type 1 diabetes, this is the largest family study published on these diseases; the associations between type 1 diabetes and many of the discordant diseases have never been reported before. The advantage of the present study is that all the results emanate from a single population of medically confirmed cases in a country of high medical standard and reasonably uniform diagnostics.
Methods
The research database used for this study, the autoimmune disease database, is a subset of the national MigMed database at Center for Primary Health Care Research, Malmö, Lund University. The MigMed database was compiled using data from several national Swedish registers provided by Statistics Sweden, including the Multigeneration Register in which persons (second generation) born in Sweden from 1932 onwards were registered shortly after birth and are linked to their parents (first generation) through the individually unique person number. In this Register, a child is registered with both parents as triplets, enabling families to be constructed by considering common mothers or fathers for the offspring [33, 34] . Sibships could be defined for the second and any subsequent generation. National Census Data (1960 Data ( -1990 and the Swedish population register (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) were incorporated into the database to obtain information on individuals' socioeconomic status. Dates of hospitalisation for autoimmune diseases were obtained during the study period from the Swedish Hospital Discharge Register for the years 1964 to 2007. Patients registered for hospitalisation stayed at least 1 night in the hospital, usually in wards with specialists; the Register does not include outpatients or patients at healthcare centres. Diagnoses were reported according to the different versions of the International Classification of Diseases (ICD), classified into 34 autoimmune groups of diseases. Type 1 diabetes was defined through first hospitalisation before age 20 years, partially, because type 1 diabetes was not defined as an independent entity until ICD-9, i.e. 1987. All linkages were performed using the national ten-digit civic identification number that is assigned to each person in Sweden for his or her lifetime. This number was replaced by a serial number for each person in order to provide anonymity and to check that each individual was only entered once for his or her first hospitalisation for an autoimmune disease. The total population, born between 1860 and 2007, was 12 million. The study was limited to offspring of whom both parents were known, which was some 98% of the population born in Sweden.
Person-years were calculated from start of follow-up on 1 January 1964 until hospitalisation for the first autoimmune disease, death, emigration or closing date on 31 December 2007. Age-specific incidence rates were calculated for the whole follow-up period, divided into five 5-year periods. Standardised incidence ratios (SIRs) were calculated as the ratio of observed (O) to expected (E) number of cases. The expected number of cases was calculated for age (5-year groups), sex, period (5-year groups), region and socioeconomic status-specific standard incidence rates. Familial risks were calculated for men and women (in the second generation) with parents as probands, singleton siblings or twins affected with concordant (same) or discordant (different) autoimmune disease, compared with men and women whose relatives were not affected by these conditions. For the calculation of SIRs in offspring using parental probands, person-years were accumulated for the offspring of affected parents and counted separately for offspring of unaffected parents. If the numbers of children were less in the families of type 1 diabetic patients than in those of healthy individuals [35] , the numbers of personyears would also be smaller without bias. Risks for sibling were calculated using the cohort methods as described [36] . In this method, all siblings in families of two or more affected sibling contribute cases and these are compared with single-case families using the described person-year calculation; the method is not sensitive to family size. In rare families where more than two siblings were affected (of 1,432 affected singleton siblings, 673 were from families of two affected, 26 from families of three affected and two from families of four or more affected siblings), each was counted as an individual patient. We do not have data on zygosity. Instead, the proportion of monozygotic twins can be estimated using Weinberg's difference method, which uses the fact that all different-sex twins are dizygotic [37, 38] . Confidence intervals (95% CI and 99% CI) were calculated assuming a Poisson distribution and were adjusted for dependence between the sibling pairs [36] .
Results
The total number of type 1 diabetes patients diagnosed before age 20 years was 21,168. The highest hospitalisation rates for type 1 diabetes were in the 10 to 14 years age group and were somewhat higher for boys than for girls ( Fig. 1 ), in agreement with data from Finland and Sweden [3, 9] ; the male excess was significant at p<0.001 in the youngest and the oldest age groups considered, and for all combined, but the relative rate was only 1.08 (95% CI 1.05-1.11). Also, the familial risks for siblings were identical for men and women, i.e. 12.38 and 12.20, respectively (Table 1 ). SIRs decreased from 17.88 at diagnostic age 0 to 4 years to 10.73 at diagnostic age 15 to 19 years.
The total number of patients diagnosed with any of the 34 autoimmune diseases was 450,899. The largest groups were patients diagnosed with asthma at 145,041 and those with rheumatoid arthritis at 51,394, followed by Graves' disease/ hyperthyroidism at 34,879 and ulcerative colitis at 28,640. The numbers of cases for each disease in the offspring population are shown in Table 2 . Familial risks for type 1 diabetes in offspring are shown in Table 2 according to mutually exclusive proband categories, i.e. parent only, singleton sibling only, parent and sibling (multiplex), and twin. The total number of familial type 1 diabetes cases in offspring was 2,171 (in parents and offspring), 10.3% of all type 1 diabetes patients. The SIR for offspring was 8.23 when a parent was diagnosed with type 1 diabetes. The SIR for type 1 diabetes was also increased when a parent was diagnosed with 13 of the 33 diseases studied, including Addison's disease (2.41), asthma (1.31), coeliac disease (2.73), Graves' disease/hyperthyroidism (1.86), Hashimoto's disease/hypothyroidism (2.35), pernicious anaemia (3.09), primary biliary cirrhosis (3.63), rheumatoid arthritis (2.12), sarcoidosis (1.62), systemic lupus erythematosus (2.04), ulcerative colitis (1.23) and Wegener's granulomatosis (2.12) . The risk was 1.60 when a parent presented with any autoimmune disease and related conditions. Among singleton siblings the SIR for type 1 diabetes was 11.92; note that this SIR is somewhat lower than the one in Table 1 because the present data refer to siblingsonly families (1,432 vs 1,490, as 58 offspring belonged to multiplex families with 32 affected parents, combined 90 affected individuals). As discordant diseases, only Addison's disease, coeliac disease and Graves' disease/hyperthyroidism were associated with type 1 diabetes ( Table 2) . When a parent and a sibling were diagnosed with type 1 diabetes (multiplex families), the SIR for further siblings was 39.26; 87 patients (0.4% of the type 1 diabetes population) belonged to the multiplex families group and 117 belonged to multiplex families with any autoimmune disease. SIRs for type 1 diabetes were also increased when a parent and a sibling were diagnosed with asthma and rheumatoid arthritis. Only concordant type 1 diabetes (21.88) was significant among twins.
Sex-specific familial risks for type 1 diabetes are shown in Table 3 . The offspring of affected fathers had a higher risk of type 1 diabetes (11.87 in sons, 10.97 in daughters) than the offspring of affected mothers (7.36 in sons, 8.15 in daughters). For discordant associations, sex-specific case numbers tended to be small and thus none were formally significant (95% CIs overlapped). However, the associations between type 1 diabetes and primary biliary cirrhosis, ulcerative colitis and Wegener's granulomatosis were increased only in offspring of affected mothers, whereas those between type 1 diabetes and pernicious anaemia were increased in offspring of affected fathers; the association between type 1 diabetes and coeliac disease was only significant in daughters.
The twin data were analysed in more detail in Table 4 . The data show no large difference by sex. Only three twin pairs were of different sex, i.e. dizygotic; the SIR for these was somewhat lower than that for singleton siblings in Table 2 . Using Weinberg's difference method [37, 38] we calculated the risk for monozygotic twins to be 32.33. Table 4 also shows the risks for singleton siblings by age difference defined as less or more than 5 years. No difference was observed for age difference or sex.
Discussion
Several of the type 1 diabetes susceptibility genes identified to date also predispose to other autoimmune diseases. A familial aggregation of type 1 diabetes with some autoimmune diseases has also been shown. However, to our knowledge this is the first population-level attempt to assess familial risks for type 1 diabetes and a large number of autoimmune and related diseases using unified data [10, 11, 14, 21, 24, 25, 27, 28] . The use of hospitalised cases offers advantages and disadvantages for aetiological studies. Hospitalisation may involve selection for diseases for which not all patients are hospitalised; thus family members of hospitalised cases may preferentially seek hospitalisation and hospitalised cases may be more severe than those treated in open care. For example, the low number of Hashimoto's disease/hypothyroidism cases compared with Graves' disease/hypothyroidism cases is likely to be due to a lower degree of hospitalisation for the former condition [39, 40] . There are no overall estimates as to what degree patients with various diagnoses are hospitalised. A fair assumption would be that severe and life-threatening conditions invariably lead to hospitalisation as opposed to conditions that can be treated in open care, such as uncomplicated asthma or hypothyroidism. However, this should not be a large problem in the present study of type 1 diabetes patients diagnosed before age 20 years, because apparently all diabetic children and youngsters are hospitalised in Sweden [21] . This patient population may include a small number of other types of early-onset diabetes, such as maturity-onset diabetes of the young, type 2 diabetes and rare syndromatic forms of diabetes; however, collectively these are estimated to account for 5% of children seen in diabetes clinics [41] .
Although diagnostic accuracy for type 1 diabetes is probably high, it may not be so for the other 33 diseases covered and, unfortunately, related data are lacking for many diseases. Crohn's disease and ulcerative colitis are diseases for which diagnostic accuracy for hospitalised patients has been estimated in Sweden by comparing the hospital discharge data with regional registers and with individually reviewed patient data; the disease concordance was 96% [42] . A study on hospitalised rheumatoid arthritis patients found that some 90% of the patients fulfilled the criteria of the American College of Rheumatology [43] . According to a study of coeliac disease, a correct diagnosis was used in over 85% of discharged patients [21, 44] . A close to 90% diagnostic accuracy has been reported for patients discharged with Wegener's granulomatosis [45] . With poor diagnostic accuracy, any effects would be expected to regress towards null, which appeared not to be the case with the present results.
The present results confirm the very high familial risk for type 1 diabetes and the high proportion of familial cases, 10.3%, which is somewhat less than in a UK study [8] . Somewhat higher familial risks were found for offspring of affected fathers compared with those of affected mothers, but the difference was not as large as observed in some but not all earlier studies [6, 7, 26] . The risk depended on diagnostic age, and in the youngest group, i.e. those diagnosed before age 5 years, the risk was 17.88. The age of onset correlated with the presence of HLA risk O, observed number of cases haplotypes in affected individuals [7] [8] [9] . There was a minor difference in risk for offspring of affected parents (8.23) and for singleton siblings (11.92), which is most likely to be due to the higher age of the diagnosed parents, thus leaving little scope for possible recessive inheritance. Shared childhood environmental effects would probably cause higher risks for siblings close in age compared with those with a large age difference. No indication to that effect was observed, nor have twin studies found evidence of shared environmental effects. The SIR for twins of unknown zygosity was 21.88, which was clearly higher than that for multiple sclerosis (9.09) or rheumatoid arthritis (6.48), which we have recently assessed in this same population [32, 46] . The calculated type 1 diabetes risk for 48 monozygotic twins (0.2% of all patients) was 32.33, which was clearly higher than predicted from additive genetic effects calculated from the SIR of singleton siblings (SIR 11.92, excess risks 11.92−1.00=10.92; calculated for monozygotic twins: 10.92×2=21.84, which when added to the background rate of 1.00 amounts to 22.84). A possible interpretation would be epistatic interaction of two or more genes or gene×environment interactions [47] , which may fit with the detected plethora of low-penetrance genes acting in different pathways of immune signalling [14] . Another measure of high heritability for type 1 diabetes was the remarkably high SIR of 39.26 in multiplex families which included 0.4% of the type 1 diabetes population. Multiplex families together with concordant monozygotic twins made up the high-risk population, which constituted 0.6% of all patients and had SIRs between 30 and 40. It can be shown that such high familial risks can only be caused by rare risk alleles of very high genotype relative risk or by strong epistatic interactions [48, 49] , for which some rare HLA haplotype variants qualify [6, 15] . However, even for the remaining 10% of the familial type 1 diabetes population characterised by a high sibling risk of 11.92, interacting variants probably need to be invoked, because the newly detected low-penetrance non-HLA loci only marginally contribute to the familial aggregation of type 1 diabetes [15] .
A total of 13 parental autoimmune and related conditions were associated with type 1 diabetes in offspring whose SIRs were over 3.00 when parents were diagnosed with pernicious anaemia and primary biliary cirrhosis. Considering the number of comparisons carried out, some positive results may turn out to be due to chance. Similarly, we would have expected some significant protective effects by chance, but none were found. Some findings were replicated among siblings, including Addison's and coeliac diseases, and Graves' disease/hyperthyroidism, and some were replicated in 'multiple families' including asthma and rheumatoid arthritis, the latter with a high SIR of 5.34. The clustering of type 1 diabetes, Addison's disease and autoimmune thyroid disease is known as autoimmune polyendocrine syndrome type 2 [26, 28] . In sex-specific discordant analyses case numbers were small and no significant sex-related differences were demonstrated. Nevertheless associations between type 1 diabetes and primary biliary cirrhosis, ulcerative colitis and Wegener's granulomatosis were increased only in offspring of affected mothers whereas those between type 1 diabetes and pernicious anaemia were increased in offspring of affected fathers. The association between type 1 diabetes and coeliac disease was only significant in daughters. However, larger study populations would be required in order to demonstrate true sex-specific effects.
Genetic association studies have shown shared risk alleles for several autoimmune conditions, particularly for the HLA-DRB1 gene. However, only a limited number of other genes show susceptibility to type 1 diabetes and the diseases studied here. One example is CTLA4, a shared susceptibility gene for type 1 diabetes and autoimmune thyroid disease [14] . Even for diseases that have shown to be linked to risk alleles associated with type 1 diabetes, including coeliac disease and rheumatoid arthritis, the contribution to the observed familial association may not be large, because even relatively common low-risk alleles tend to explain little of the familial clustering of a disease [18, 50] . Thus the present data suggest that in further genetic studies new genes and causative variants of the implicated loci will be found, which will help to explain some of the described associations. Reliable familial risks are a helpful roadmap in guiding genetic studies and in measuring their success in terms of the explained familial risk.
